Voltage sensor domains (VSDs) regulate ion channels and enzymes by transporting electrically charged residues across a hydrophobic VSD constriction called the gating pore or hydrophobic plug. How the gating pore controls the gating charge movement presently remains debated. Here, using saturation mutagenesis and detailed analysis of gating currents from gating pore mutations in the Shaker Kv channel, we identified statistically highly significant correlations between VSD function and physicochemical properties of gating pore residues. A necessary small residue at position S240 in S1 creates a "steric gap" that enables an intracellular access pathway for the transport of the S4 Arg residues. In addition, the stabilization of the depolarized VSD conformation, a hallmark for most Kv channels, requires large side chains at positions F290 in S2 and F244 in S1 acting as "molecular clamps," and a hydrophobic side chain at position I237 in S1 acting as a local intracellular hydrophobic barrier. Finally, both size and hydrophobicity of I287 are important to control the main VSD energy barrier underlying transitions between resting and active states. Taken together, our study emphasizes the contribution of several gating pore residues to catalyze the gating charge transfer. This work paves the way toward understanding physicochemical principles underlying conformational dynamics in voltage sensors.
Voltage sensor domains (VSDs) regulate ion channels and enzymes by transporting electrically charged residues across a hydrophobic VSD constriction called the gating pore or hydrophobic plug. How the gating pore controls the gating charge movement presently remains debated. Here, using saturation mutagenesis and detailed analysis of gating currents from gating pore mutations in the Shaker Kv channel, we identified statistically highly significant correlations between VSD function and physicochemical properties of gating pore residues. A necessary small residue at position S240 in S1 creates a "steric gap" that enables an intracellular access pathway for the transport of the S4 Arg residues. In addition, the stabilization of the depolarized VSD conformation, a hallmark for most Kv channels, requires large side chains at positions F290 in S2 and F244 in S1 acting as "molecular clamps," and a hydrophobic side chain at position I237 in S1 acting as a local intracellular hydrophobic barrier. Finally, both size and hydrophobicity of I287 are important to control the main VSD energy barrier underlying transitions between resting and active states. Taken together, our study emphasizes the contribution of several gating pore residues to catalyze the gating charge transfer. This work paves the way toward understanding physicochemical principles underlying conformational dynamics in voltage sensors.
energy landscape | kinetic model | global fit M embrane proteins controlled by the membrane potential are ubiquitous among phyla and are involved in a variety of fundamental biological tasks such as action potential generation and propagation, pacemaker activity, insulin secretion, G proteins and lipid signaling, innate immunity, and cell homeostasis (1) (2) (3) (4) (5) (6) (7) (8) . In most of these proteins, voltage sensitivity is conferred by small structural modules called voltage sensor domains (VSDs) that encompass four transmembrane helices S1-S4 (9) . To date, VSDs have been identified in K + , Na + , Ca 2+ , and H + channels, and in phosphoinositide phosphatases (2, 10, 11) .
VSDs switch between several conformations depending on the membrane potential by virtue of positively charged residues, mostly Arg or Lys tethered to the S4 transmembrane helix, rearranging within the membrane electric field (12, 13) . Although the transport of ionized groups through the cell membrane is thermodynamically unfavorable, their transfer is catalyzed in the VSD by the presence of negative counter charges in the S1-S3 segments and water-filled cavities that focus the electric field across a narrow 5-to 10-Å constriction termed the "gating pore," or "hydrophobic plug" (14) (15) (16) (17) (18) (19) (20) (21) , positioned at the midlevel of the membrane. Despite its narrow depth, the gating pore effectively insulates the two sides of the lipid bilayer and excludes the permeation of free ions. Voltage-gated proton channels are an exception, wherein the hydrophobic plug gates a proton permeation pathway (10, 11, 22) .
Studies of depolarized X-ray structures of the K + channel Kv1.2 and of the Kv1.2/2.1 paddle chimera suggest that the gating pore is formed by 10 side chains, mostly hydrophobic, belonging to residues from the S1-S3 segments ( Fig. 1 A and B) (21, 23) . Investigations of the VSD hyperpolarized (resting) states using molecular dynamics simulations revealed that the gating pore remains formed by the same cluster of residues upon VSD rearrangements (Fig. S1 ) (6, (24) (25) (26) (27) .
In the human Kv1.1 channel, the inherited mutations I177N, F184C, and I262T, homologous to gating pore residues I237, F244, and I320 in the related Shaker Kv channel, are associated with type I episodic ataxia (28) (29) (30) (31) . Similarly, in the related VSD of human voltage-gated sodium channels, the inherited gating pore mutations I739V in Nav1.7, I141V in Nav1.4, F1250L in Nav1.5, and V1611F and V1612I in Nav1.1 (respectively homologous to residues I237, I241, F290, A319, and I320 in Shaker) are linked to Dravet syndrome (I739V, V1611F, and V1612I), paramyotonia congenita (I141V), and long QT syndrome (F1250L) (32) (33) (34) (35) (36) (37) (Fig. 1B) . These disease-associated mutations underscore the biological importance of the gating pore to regulate the voltage sensors in Kv and Nav channels.
Functional interactions between the gating charges and some gating pore residues have been identified (17, 38) , but a complete description of this intramolecular gating network is lacking, as well as the nature of these interactions and their contributions to the energy profile underlying VSD transitions. Toward this goal, largescale mutagenesis scanning has been useful to dissect structural and functional information in voltage-gated ion channels (39-45). However, although insightful to pinpoint functionally important residues, this approach struggled to identify precise physicochemical mechanisms because the endogenous residues were generally mutated by only one type of amino acid, often Ala or Trp.
Here, we characterized the effects of a large number of substitutions (12) (13) (14) (15) in the gating pore of the Shaker K + channel, a prototypical Kv channel homolog to Kv1.2 (Fig. 1B) . This approach led us to uncover nonambiguous quantitative correlations between the mutant phenotypes and specific physicochemical Significance Voltage sensors are integral membrane protein domains that regulate ion channels and enzymes by transporting electrically charged residues across a narrow constriction that focuses the membrane electrical field. Here, we investigated how this constriction, also called the "gating pore," controls this transport by studying the effects of a large number of point mutations. Our analysis indicates the presence of nonambiguous statistical correlations between specific amino acid lateralchain physicochemical properties (size, hydrophobicity) and specific functional features of the voltage sensor (voltage sensitivity and transport kinetics). This study allowed us to propose engineering-like mechanisms by which gating pore residues control the voltage sensor operation.
attributes of the substituted side chains. Because the gating pore residues are mostly hydrophobic across the tree of life, it is generally accepted that their hydrophobicity plays a major role in controlling VSD movement (17, 21, 38) . However, we found that a hydrophobic side chain is only exclusively required for I237, whereas the size of the lateral chain is the critical parameter for S240, F244, and F290. These correlations allowed us to propose mechanistic contributions for several gating pore residues.
Results and Discussion
Functional Characterization of Gating Pore Mutations. Eight out of 10 residues forming the gating pore in the Shaker Kv channel (V236, I237, S240, F244, C286, I287, A319, and I320) ( Fig. 1 A  and B) were individually mutated by a large number of amino acids, creating an exhaustive library of 114 point mutations [see Table 1, which also includes previously reported mutations of  I241, I287, and F290 (38, 46 Table 1 ). Among them, the homologous mutations I237R, S240L, S240P, and S240R in the related potassium channel Kv1.1 were previously shown to abolish K + conduction (49).
Gating currents produced during the resting-to-active (activation) and active-to-resting (deactivation) transitions were recorded in the 99 functional mutants by blocking K + conduction using the mutation W434F, which favors a nonconducting (inactivated) state of the channel's pore (50-52). Activation gating currents were elicited by using depolarizing pulses (Fig. 1C, Left) . Deactivation gating currents were elicited by using depolarizing prepulses of large amplitude to saturate the gating charge (Q) (Fig. 1C, Right) . The duration of these activating prepulses was maintained as short as possible, albeit long enough to saturate the gating charge, to minimize the influence of VSD relaxation on the deactivation gating current kinetics (53).
For each mutant, we determined the time constant τ of activating and deactivating gating currents for all tested potentials and determined the corresponding bell-shaped τ vs. voltage (V) (τ-V) curves during activation and deactivation (Materials and Methods). We also determined the charge vs. voltage (Q-V) curves by integrating the activating gating currents over the pulse duration. Most Q-V curves exhibited a monotonic quasisigmoid shape and could be approximately fitted with a two-state Boltzmann function. Fig. 1 C and D shows representative gating current traces and their analyses for the V236F mutant.
To characterize the gating pore mutants, we compared the maximum τ values obtained from the activation and deactivation τ-V curves, respectively termed T A and T D , and the midpoint voltage obtained from the fitted Q-V curve, termed V 1/2 . This analysis is graphically illustrated in Fig. 1D . These three gating parameters were determined for the other tested V236 mutants and plotted as a function of the mutated side chain, sorted from left to right by increasing V 1/2 values (Fig. 1E ). Similar plots were made for the other gating pore residues tested, including I241 mutants whose Q-V curves, but not τ-V curves, were previously characterized (Table 1 and Fig. 2 ) (47). Because most F290 mutants were previously reported and because they display bisigmoid Q-V curves that cannot be fitted by a two-state Boltzmann (21) showing the S1-S4 helices, the gating charges R1-R4 (blue, licorice representation), and 10 gating pore residues in licorice representation: V236 (orange), I237 (green), S240 (cyan), I241 (green), and F244 (purple) in S1; C286 (cyan), I287 (green), and F290 (purple) in S2; A319 (brown) and I320 (green) in S3. function (38), their gating parameters are not shown in Fig. 2 . Nevertheless, a refined interpretation of the role of F290 in VSD gating is provided in this study.
Mutating Most Gating Pore Residues Tends to Destabilize the Active vs. Resting State. Mutating the gating pore residues generally produced dramatic alterations of the kinetics and voltage dependence of the VSD (Fig. 2) . A careful examination of Fig. 2 reveals that most gating pore mutations positively shift the VSD voltage dependence and accelerate its deactivation kinetics. This suggests that a major function of the endogenous gating pore residues is to bias the VSD thermodynamic equilibrium in favor of the active vs. the resting conformation. In vivo, opening of Kv channels leads to membrane repolarizations and consequently inhibits activated channels via a negative-feedback loop. The thermodynamic bias toward the activated conformation, provided by the native repertoire of gating pore residues, may thus help to delay this negative feedback by (i) slowing down pore closure and (ii) shifting the voltage sensitivity toward more negative voltages, providing neurons with more outward K + ion flux to repolarize their membranes more efficiently during the falling phase of the action potential.
Besides these effects, A319 is the only residue for which nearly all mutations yielded moderate negative Q-V shifts, up to −20 mV (Fig. 2G) . Because A319 directly flanks S4 (Fig. 1A) , A319 mutations may create steric hindrances that impede the repolarization-induced downward motion of the S4 helix and/or thermodynamically stabilize the active vs. resting state.
VSD Parameters Correlate with Physicochemical Properties of Gating
Pore Residues. We systematically tested the presence of correlations between the VSD gating parameters (V 1/2 , T A , and T D ) and the amino acids' physicochemical parameters using a pairwise Pearson's linear correlation analysis (Materials and Methods) ( Table 2 ). We tested four hydrophobicity scales: Kyte-Doolittle (KD) (54), Hessa-Hejne (HH) (55), Wimley-White (WW) (56), and Moon-Fleming (MF), as well as the van der Waals (vdW) surface area (57) or volume (58) of the substituted amino acid. For consistency among correlation tests, the MF and HH scales were inverted so that for all scales, more positive values indicate more hydrophobic residues. By calculating the corresponding P values for each test, we identified several levels of significance ranging from moderately significant (*0.01 ≤ P < 0.05) to highly significant (***P < 0.001) ( Table 2 ).
This analysis led us to identify three groups among the gating pore residues. The first one does not display any significant correlation (A319 only). In this case, the interpretation of the role of A319 solely regarding our data are difficult because the absence of correlation does not allow us to discriminate between the possibilities that (i) neither the size nor hydrophobicity of ) and each tested sidechain physicochemical parameter: HH, KD, WW, MF, vdW surface area (SA), and volume (Vol), for each gating pore residue. The MF and HH scales were inverted such that more positive values indicate more hydrophobic residues in all hydrophobicity scales. The F290 mutants display bisigmoid Q-V curves; hence the second component V 2 is used instead of V 1/2 (Results and Discussion). The number of asterisks indicates the statistical significance as follows: *0.01 ≤ P < 0.05, **0.001 ≤ P < 0.01, and ***P < 0.001. A319 are important, or (ii) both the size and hydrophobicity are important, which would not be necessarily detected using a pairwise statistical test. The second group displays few moderately significant correlations (V236, I241, C286, and 320) with either the lateral chains' hydrophobicity or size. Finally, the third group displays one or more highly significant correlations (I237, S240, F244, I287, and F290). Hence, this last group will be the main focus of this paper.
The Hydrophobicity of I237 Controls the Voltage Dependence of Charge Movement. The I237 mutants exhibit highly significant correlations between the position of the Q-V curve on the voltage axis and every tested hydrophobicity scale, but not with the side-chain surface area or volume ( Table 2 ). Fig. 3A shows the Q-V curves for each of the 13 mutants tested at position I237. Hydrophilic substitutions consistently shifted the Q-V curve toward more positive voltages, up to +40 mV for the I237D mutation. The midpoint V 1/2 values obtained for every tested amino acid present at position I237 were plotted against all four hydrophobicity scales ( Fig. 3B and Fig. S2) . A linear regression analysis of these plots reveals in each case a nearlinear dependence between the hydrophobicity of the side chain at position I237 and the VSD voltage dependence (0.66 < R 2 < 0.78). When plotting the V 1/2 against the vdW surface area or volume of the substituted amino acid, we observed two groups of mutants ( Fig. 3 C and D) . One group, formed by hydrophobic and moderately polar (Gly, Pro, Ser, and Thr) residues exhibits a linear correlation between V 1/2 and the side chain's surface or volume. This suggests that the channel's V 1/2 value is sensitive to the side-chain size at position I237; the larger the residue, the more stable the active state relative to the resting state (more negative V 1/2 values). However, when considering substitutions with Asp, Asn, Gln, and Lys, the strong polar nature of these residues seems to overcome the influence of the size, and the overall correlation between V 1/2 and size becomes insignificant. It is possible that these strong polar groups help to stabilize water molecules in the intracellular side of the gating pore, possibly enhancing hindrances preventing the passage of the gating charge during activation. We may rule out the creation of charge-specific salt bridges with the positive groups of the S4 Arg because substitutions with Lys or Asp produce similar effects ( Fig. 3 A-D) .
The interpretation of these results using a hypothetical twostate energy diagram is difficult because no significant correlation was observed between the side-chain hydrophobicity and VSD kinetics. However, I237 mutants generally exhibit faster deactivation kinetics ( Fig. 2A, red squares) . We may then speculate that the native Ile residue at position 237 helps to stabilize the active conformation, perhaps by creating an intracellular hydrophobic barrier that would oppose the return of the VSD charged groups. Interestingly, in the homologous VSD from the Ciona intestinalis voltage-sensitive phosphatase, a large side chain at position I126 (homologous to I237 in Shaker), was found important for normal VSD function (59). This difference highlights fundamental divergences in the gating mechanism between voltagedependent ion channels and phosphatases.
Large Substitutions at Position S240 Impede the Gating Charge Movement. The Kv1.2 refined X-ray structure shows that the residue homologous to S240 faces the tip of the side chain of R4 in the depolarized conformation ( Fig. 1A) (21) . S240 is the only gating pore residue capable of participating in hydrogen bond interactions and is well conserved in the VSD among Kv channels. An acidic Asp residue homologous to S240 controls ionic selectivity in voltage-gated proton channels (60) such as Hv1 (Fig. 1B) . These observations thus argue that the hydroxyl group of S240 may assist VSD function, for instance by creating transient hydrogen bonds with the guanidinium groups of the S4 Arg. However, removing the hydroxyl group of S240 by substituting Ser for Ala did not appreciably alter the Q-V and τ-V curves nor the conductance (G) vs. voltage (G-V) curve, the latter measured from a conducting version of the S240A mutant ( Fig. 4 A-D) .
If the hydroxyl group of S240 is not required for normal VSD function, what could be the role of this residue? The VSD voltage dependence is extremely affected by the S240 mutations, shifting up to +60 mV for aromatic substitutions (Fig.  4E ). Interestingly, V1/2 is strongly correlated with the surface area (corr = +0.90; R 2 = 0.85) and volume (corr = +0.85; R 2 = 0.83) of the side chain at this position, being positively shifted as the size of the substituted side chain increases; these correlations are highly significant (P < 0.001) ( Fig. 4F and Table 2 ). Increasing the size of the amino acid present at position S240 also tends to slow down activation kinetics (Fig. 2B , blue squares, and Table 2 ), suggesting that larger side chains stabilize the VSD resting state. These observations would place R1 at or below the level of S240 in the resting state, in agreement with previous studies (17, 61) . Hence, the gap created by this conserved Ser residue may facilitate the sliding motion of the guanidinium groups by decreasing direct steric hindrances in the gating charge pathway.
Large Side Chains at Positions F244 and F290 Stabilize the Depolarized VSD Conformation. The phenylalanines present at positions F244 and F290 are important for the function of the Shaker channel, but their roles remain unclear (14, 38, 47, 62) . Although a highly significant correlation (P < 0.001) exists between V 1/2 and WW for F244, no significant correlations were found with the other hydrophobicity scales, thus questioning the fundamental importance of F244 hydrophobicity (Table 2) . However, significant correlations were also observed with both the surface area and Table 2 ).
Could these steric effects at position F244 be mechanistically related? A simple hypothesis can explain both effects: the large residue F244 imparts a negative voltage dependence (V 1/2 ∼ −50 mV) and slow deactivation kinetics (T D ∼ 40 ms) to WT Shaker by stabilizing the activated state of the VSD (Fig. 5C , black continuous line). Decreasing the size of the side chain occupying this position, for instance with the F244A mutation, would destabilize the active vs. resting state (red dotted line). In this hypothesis, the consequences of the F244A mutation are (i) a reduction of the energy barrier rate-limiting for deactivation, which speeds up deactivation kinetics, and (ii) a bias of the thermodynamic equilibrium between the resting and active states, which positively shifts the Q-V curve.
Fig . 5D shows the Q-V curve of the F290A mutant taken from a previous study (38) to illustrate the unique phenotype of F290 mutations. The F290A mutation divides the Q-V curve into two unequal charge components with voltage midpoints of V 1 (∼80% of total charge) and V 2 (∼20% of total charge). This observation is not compatible with the "gating charge transfer center" hypothesis (62). Indeed, this hypothesis tells us that each gating charge (i.e., R1 to R4) must flip through a cyclic side chain (F290 in Shaker, F233 in Kv1.2) to be transported across the gating pore. This hypothesis mainly originated from conductance recordings of F290 mutants in Shaker channels (62). However, because in the Shaker channel pore opening is strictly coupled to a late concerted gating charge transition, conductance measurements do not inform on the bulk of the charge movement (63). Gating charge measurements of F290 mutants later revealed that, in contrast, none of the 13 tested F290 mutants affect the voltage dependence or kinetics of the bulk of gating charge movement (38). In fact, the F290 mutations only alter the late gating charge component associated with pore opening. Hence, the gating charge transfer hypothesis does not constitute a satisfying model to explain the role of this conserved Phe residue.
Although in the F290 mutants, the voltage dependence of the V 2 component and the T D values were initially shown to correlate with the WW hydrophobicity (38), no significant correlations were further found with the other three hydrophobicity scales (Table 2) . However, similar to F244, V 2 and T D have significant correlation with the size (surface area or volume) of substituted amino acids at position F290 (Table 2 ). Fig. 5E shows that increasing the surface area of the side chain present at position F290 displaces the isolated gating component V 2 back to negative voltages (black squares) and slows down deactivation (blue circles). These effects are similar to those observed for the F244 mutants, albeit in the case of the F290 mutants only the V 2 component is affected instead of the entire Q-V curve. This role of the side-chain size at position F290 is nicely consistent with the fact that the size of nonnatural Phe derivatives inserted at position F290 negatively correlated with the midpoint voltage of the channel's ionic conductance (62).
Can the complex phenotype of the F290 mutants be explained by a mechanism similar to the F244 case? Three simple mechanistic hypotheses may explain how decreasing the size of the side chain at position F290 increases the separation of the two gating charge components along the voltage axis (47, 63). First, small substitutions such as the F290A mutation could stabilize an intermediate state near the active state (Fig. 5F , "Int"), thus displacing the late gating component toward more depolarized voltages (Fig. 5F , "Hyp 1"). Second, these mutations may increase the energy barrier underlying the transition between P and active states ("Hyp 2"). This would slow down both activation and deactivation kinetics during this transition, thus making it difficult to resolve corresponding gating currents above electrical noise and hence produce an apparent Q-V split. Third, the mutations could destabilize the active state, forcing the VSD to transiently retreat to the intermediate state ("Hyp 3").
All these hypotheses predict that full VSD activation leading to pore opening requires much stronger depolarization, as is observed experimentally. However, only the last hypothesis predicts the experimentally observed acceleration of deactivation VSD kinetics as the Q-V split becomes more pronounced (Fig. 5E) . Indeed, the first hypothesis predicts no significant changes in T D because the deactivation energy barrier is unaffected. The second hypothesis predicts a slowing, not an acceleration, of both T A and T D . The third hypothesis predicts a diminution of the deactivation energy barrier, not because of a reduction in the peak between the P and active states as previously suggested (64), but because of an increase of the valley corresponding to the active state Gibbs free energy (Fig. 5F ). Therefore, similar to F244 we propose that a large side chain is important at position F290 to stabilize the VSD active conformation.
How could large side chains stabilize the active state? In the refined X-ray structure of the depolarized Kv1.2 VSD (21), F244 and F290 flank R3 and R4, respectively (Fig. 1A) . It is thus possible that the large surface area of these phenyl rings promotes van der Waals interactions at the interface of R3/F244 and R4/F290 in the depolarized VSD conformation. By holding S4 in its activated state, these Phe residues may physically act as "molecular clamps."
The I287D Mutation Immobilizes the VSD Depolarized State. Previous mutational analysis of I287 showed that the side-chain hydrophobicity at this position affects VSD kinetics (46). Our present correlation analysis, made on a slightly larger number of mutations, reveals that both hydrophobicity and size matter at position I287 ( Table 2 ), suggesting that both chemical aspects of this lateral chain are important for VSD function. We also noticed that the T D value of the I287D mutant was unusually slow (Fig. 2F) . This was surprising because hydrophilic mutations at position I287 were expected to speed up VSD kinetics (46). Intriguingly, whereas the gating currents generated in the I287D channel during depolarization (ON-pulse) appear normal, the gating currents produced during repolarization (OFF-pulse) seem to progressively disappear as the amplitude of the depolarizing ON-pulse increases (Fig. 6A, Right) . However, the repolarizing (deactivation) gating currents resurge upon stronger hyperpolarizing OFF-pulses (Fig. 6B) . A conductive version of the I287D mutant channel is able to elicit normal outward K + currents but exhibits extremely slow pore closure kinetics (Fig. 6C , slow decaying OFF-pulse currents). These results show that (i) the I287D mutation immobilizes the VSD in the active conformation only and (ii) this immobilization is reversed upon strong hyperpolarization.
A possible underlying mechanism for these effects is that the negative charge carried by Asp at position I287 may create a salt bridge with one (or several) S4 Arg as the VSD reaches its activated conformation. To investigate this possibility, we sought to break these putative bridges by individually comutating the S4 Arg for Lys in the I287D channel. Indeed, isoelectric mutations are generally expected to alter intraprotein salt bridges because these interactions are extremely sensitive to the nature of the side chains and the spatial distribution of their electrical charges (65). Furthermore, isoelectric substitutions of R1-R3 maintain normal VSD function, facilitating phenotypic interpretations (47, 66). Interestingly, the extreme slowing down of VSD deactivation imparted by the I287D mutation persists in presence of the additional mutation R1K or R2K, but not R3K, the latter comutation producing nearly WT-like deactivation kinetics (Fig.  6 D and E) . These results suggest that I287D interacts with R3 in the active state of the VSD. Because no gating current could be detected in the double mutant I287D-R4K, the occurrence of interactions between I287D and R4 cannot be excluded. I287 was previously shown to lie within atomic proximity of R1 in the resting state, to seal the gating pore from ionic leak and to finetune the kinetic differences between Kv and Nav channels' VSDs, further supporting the importance of I287 to control the VSD activation energy barrier (17, 46) .
Global Kinetics Modeling. It came to our attention that some correlations may have been missed in our approach because the reductionist parameters V 1/2 , T A , and T D do not contain information on the steepness of the Q-V curves nor on the bell shape of the τ-V curves, which could both be altered by the gating pore mutations. Hence, we sought to simultaneously fit the Q-V and τ-V curves of all functional gating pore mutants (reported in this and previous studies except F290 mutants; Table 1 ) with the 2 × 2-state kinetic model described in Fig. 7 (Fig. 7A , blue and red transitions) connected by the equilibrium constants K 1 = k 1f /k 1b and K 2 = k 2f /k 2b , in which the states A2 and R1 are thermodynamically favored with respect to the states A1 and R2, respectively (Fig. 7A, thick black  arrows) . This assumption translates into the constraints k 1f < k 1b and k 2f > k 2b (equivalently K 1 < 1 and K 2 > 1). The model was further constrained by application of microscopic reversibility. This approach allowed us to globally fit each three-curve dataset with a minimal set of only six variable model parameters (a 10 , z 1f , b 10 , z 1b , b 20 , z 2b ). Details on the modeling can be found in SI Text, Kinetic Modeling, and Figs. S3-S5.
We next tested the presence of correlations between globally fit model parameters and the volume, surface area, or hydrophobicity of the side chain substituted at each position in the gating pore region. For correlation analysis, the observable gating parameters T A *, T D *, and V 1/2 * were derived from the model fit, denoted by the asterisk. The heat map displayed in Fig. 8 indicates the statistical significance for all tested correlations, including the relationship type for significant correlations. Both red-and blue-colored boxes indicate the presence of significant correlations (red is positive; blue is negative), whereas gray boxes indicate no significant correlations. Consistent with our previous correlation analysis on the experimental parameters T A , T D , and V 1/2 (Table 2), the fitted parameters display significant, nearly exclusive correlations with either the size (S240, I241, F244) or hydrophobicity (I237) of the substituted side chain, whereas both the size and hydrophobicity are important physicochemical parameters for positions C286 and I287. This correlation analysis overall agrees with our previous analysis and thus validates our modeling approach.
The heat map shown in Fig. 8 may give precious clues to understand the relation between the chemical groups present in the gating pore and the fitted kinetic parameters describing the VSD movement with high accuracy. For instance, the highly significant negative correlation between V 1/2 * and the side-chain hydrophobicity at position I237 (four consecutive dark blue boxes in panel I237 with values of P < 0.001) most likely originates from a positive correlation with the forward rate constant for the deactivation transition a 20 (four consecutive red/dark red boxes in panel I237). Similarly, the positive correlation observed between T D * and the side-chain size at position F244 is explained by a negative correlation with the deactivation rate constants b 10 and b 20 . In contrast, the negative correlation observed between T A * and the residue surface area at position I241 seems to be caused by a negative correlation with z 1f and z 2b , the apparent valences for the forward activation and backward deactivation transitions, respectively. The molecular interpretation of a change of apparent valences is not straightforward because the fitted valences depend on both the total electrical charge moved and the number of intermediate states (47, 68). However, because (i) the gating pore mutations conserve the endogenous gating charge residues and (ii) the mutation I241W alters a VSD intermediate state (47), it is likely that steric effects at position I241 affect the energies of intermediate states. The situation is more complex for the correlation between V 1/2 * and the side-chain size at position S240 because several correlations with multiple model parameters were observed (z 2b , a 10 , a 20 , b 20 ). These observations may constitute new avenues to understand the contribution of the gating pore to the bewildering diversity of functional modalities displayed by VSD-regulated proteins.
Our expansive set of mutations and model-based characterization allowed us to perform a detailed examination of the global effects of mutagenesis within a Kv channel's gating pore. Using model-derived values, Fig. S6 shows the distribution of mutational phenotypes for each of the observable gating parameters as a function of the mutated position or as a function of the substituted amino acid. Relative to the WT channel, the vast majority of mutations displace V 1/2 * to more positive voltages (Fig. S6 A and  D) and accelerate deactivation kinetics (Fig. S6 C and F) . The scatter plots in parameters across nearly two orders of magnitude in both activation and deactivation kinetics, and at least a 70-mV range for Q-V voltage midpoint (Fig. S7 ). This result may be especially useful for engineered applications in which specific gating properties are desired.
Conclusions
Our main findings are summarized in Fig. 9 . A steric gap at position S240 defines the primary entryway for the gating charges during activation, whereas both size and hydrophobicity of I287 are important to control the energy barrier underlying VSD kinetics ( Fig. 9 A and B) . The stabilization of the voltage sensor in its depolarized (active) conformation is strengthened by two phenyl rings at positions F244 and F290 that likely act as "molecular clamps," and by I237, which creates a localized hydrophobic barrier that prevents reentry of the gating charges into the gating pore (Fig. 9C) . Our global kinetic analyses give clues to understand the relations between chemical groups present in the gating pore and the underlying kinetic parameters that describe the VSD movement.
Materials and Methods
Mutagenesis and Expression in Xenopus Oocytes. Mutations were introduced in cDNA encoding the N-inactivation removed, nonconducting W434F Shaker K + channel Δ4-46 using QuikChange mutagenesis (Stratagene) as described previously (69). All mutants were verified by sequencing the whole cDNA. cRNAs were produced using a T7 RNA expression kit (Ambion) and injected into Xenopus laevis oocytes. Injected oocytes were maintained in a standard oocyte solution containing 100 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , and 10 mM Hepes at pH 7.5, supplemented with 50 μg/mL gentamycin for 2-6 d at 16.5°C.
Electrophysiology. Gating and ionic currents were recorded using the cutopen voltage-clamp method at room temperature, unless otherwise stated. The recording pipette resistance was 0.5-0.8 MΩ. Data were acquired at a sampling frequency of 30-100 kHz and filtered on-line at 5-20 kHz using a low-pass Bessel filter mounted in the amplifier (Dagan). Capacitive transient currents were subtracted on-line using the P/4 method when possible. In-house software was used for data collection (Gpatch) and analysis of currents (Analysis). For gating current recordings, the internal solution was 115 mM N-methyl-D-glucamine (NMG) methylsulfonate (Mes), 2 mM EGTA, and 10 mM Hepes, pH 7.5; the external solution was 115 mM NMG-Mes, 2 mM Ca-Mes, and 10 mM Hepes, pH 7.5. For ionic current recordings (Figs. 4 C and D and 6C), the internal solution was 115 mM K + -Mes, 2 mM EGTA, and 10 mM Hepes, pH 7.5; the external solution was 10-50 mM K + -Mes, 65-105 mM NMG-Mes, 2 mM Ca-Mes, and 10 mM Hepes, pH 7.5.
Data Analysis. The time constant (τ) of gating or ionic currents was determined by a least-squares fit of the whole decaying part of each trace, using a singleor double-exponential function as appropriate. When a double-exponential fit was used, an amplitude-weighted average time constant was calculated. All data curves (Q-V, τ-V, G-V) are representative of n = 4-8 independent experiments, with mean value calculated at each test voltage. Error bars represent the SEM. To determine midpoint voltages, Q-V curves were individually fitted by a simple two-state Boltzmann equation:
where z, e 0 , V 1/2 , k, and T are the valence (times the fraction of the electric field), electronic charge, voltage at which charge is equally distributed between states, Boltzmann constant, and absolute temperature, respectively. Mean V 1/2 values were obtained for each mutant by averaging V 1/2 values obtained from individual Q-V fits. Bisigmoidal Q-V curves related to Fig. 5D were fit by a sequential three-state model equation (47) as follows:
where subscripts denote the valence and voltage midpoint for the first and second state transitions, and other variables have the same meaning. All Q-V fits were performed in the least-squares sense on mean Q-V data curves. See also SI Text for a detailed procedure on fitting the 2 × 2-state kinetic model.
Correlation Analysis. Correlations were calculated using Pearson's linear correlation coefficient:
where X and Y are pairwise random variables, μ is the sample mean, and s is the uncorrected sample SD. For all correlation calculations, model parameters and model-derived observable gating parameters were first transformed according to their approximate distribution: (z 1f , z 1b , z 2f , z 2b , V 1/2 *) were left untransformed and (a 10 , b 10 , a 20 , b 20 , T A *, T D *) were log transformed. The P value was calculated using Student's t distribution for a transformation of the correlation, for testing the null hypothesis of no correlation against the alternative that there is a nonzero correlation (twotailed test). Correlations were visually illustrated by a P value map in Fig. 8 , in which the pixels of a 2D parameter grid are colored by the significance level range and correlation relationship (-or +). Due to the limited number of possible side-chain mutations, the sample size for such correlations was small (n = 10-15, <n> = 13.3). 
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SI Text
This supplement describes the 2 × 2-state kinetic model including global fit and analysis procedures, model derivation, parameter uncertainty calculations, and procedural details for global fit implementation. Figs. S1-S7 are located below.
Kinetic Modeling
Global Fit and Analysis of the 2 × 2-State Kinetic Model. Overview.
The 2 × 2-state kinetic model was introduced in the main text and Fig. 7A , and was constrained by microscopic reversibility (detailed in subsection below). The objective was to fit this model to all experimental data, which consisted of three voltage-dependent curves: τ A -V, τ D -V, and Q-V. This was achieved by simultaneously (globally) fitting these data with the respective modelderived functions that describe these curves. The global fit was initially performed by minimizing the sum of the root-mean-squared errors (RMSEs) for the Q-V and τ-V curve fits. To ensure that each function contributed equally during the minimization, the RMSE were normalized according to the number of experimental points and relative amplitude between Q-V and τ-V data values. Furthermore, we observed that the fit of τ-V curves worsened for voltages far from the sigmoidal region of the corresponding Q-V curves. The reason is that at extreme voltage pulses (far from V 1/2 ), gating current kinetics are less voltage-dependent and ultimately become ratelimited by molecular frictions not accounted for in our model (τ are solely limited by V in the model and asymptotically approach τ = 0 ms for V << V 1/2 or V >> V 1/2 ; Fig. 7C ). To minimize the influence of these points on fit quality, the experimental time constants τ were linearly weighted according to their relative amplitude, thus optimally favoring the voltage-dependent region. To reduce the degrees of freedom in the model, the values of equilibrium constants K 1 and K 2 were initially determined from a global fit of the Q-V and τ-V curves from the WT channel. These values were then used as fixed parameters during the global fit operation for all mutants. Note that we tested and verified that correlation results (Fig. 8) were not affected by even moderate deviations from WT equilibrium constant values.
The quality of each global fit was determined by calculating a quality factor (QF), defined as the mean ratio of global to individual function fit errors. For most mutants, this global fit approach yielded satisfying fits with relatively low QF values (1 < QF < 6) (Fig. 7B ) and relatively small uncertainties for the fitted parameters (i.e., narrow confidence surfaces in Fig. S3 ). Four mutants yielded QF > 6.5 that were outside the main QF distribution in Fig. 7B . These four mutants (I241D, I320Y, F244N , S240F) were considered outliers due to poor global fits (Fig. S4 ) and were excluded from further analysis. In addition, the mutants A319W and A319N produce activation τ-V curves with unusual "two-bell" shapes ( Fig. S5 ) and were excluded from further analysis.
The remainder of this section derives the 2 × 2-state kinetic model equations and describes the global fit methodology. Subsequent sections describe evaluation of parameter uncertainty and procedural details for the kinetic model fitting used in this study. Rate equations. The 2 × 2-state kinetic model (Fig. 7A) is composed of separate, but circularly connected activation and deactivation pathways. The model rates (α 1 , β 1 , α 2 , β 2 , k 1f , k 1b , k 2f , k 2b ) are linked to the membrane voltage V, absolute temperature T, and Boltzmann constant k by the following rate equations:
and equilibrium constants: K 1 = k 1f =k 1b and K 2 = k 2f =k 2b , where f and b represent forward and backward transitions. The set of model parameters consists of the preexponential factors (a 10 , b 10 , a 20 , b 20 ) that define the rate at V = 0 mV, the apparent valences (z 1f , z 1b , z 2f , z 2b ), and K 1 and K 2 .
Microscopic reversibility. To ensure microscopic reversibility of the system, the product of all rates in the forward (clockwise) and backward (counterclockwise) directions must be equal. Expressed in terms of α 2 , microscopic reversibility constrains the model by Eq. S5:
Eq. S5 provides two constraints on the model parameters. First, evaluation of Eq. S5 at V = 0 mV removes voltage dependence, thus yielding a constraint on the preexponential factors. Expressed in terms of a 20 :
Second, division of Eq. S5 by Eq. S6 removes the preexponential factors, thus yielding a constraint on the apparent valences. Expressed in terms of z 2f :
These two simplifications reduce the number of independent model parameters from 10 to 8, which is especially important for reliable fit convergence. Model equations. The charge, activation time constant τ A , and deactivation time constant τ D for the 2 × 2-state kinetic model were derived, and are respectively given as follows:
The Q-V voltage midpoint was derived from Eqs. S1-S3, S5, S8 as follows:
Individual function fit. Although underdetermined, we first examined the individual fit of each model function, Eqs. S8-S10, to its respective data curve. The fit was performed by minimization of the root-mean-square error of the individual weighted objective function:
for Ω∈fQ; τ A ; τ D g, where f ðV ; θ Ω Þ represents the model function defined by the fitted parameter set θ Ω = ða 10 ; b 10 ; b 20 ; z 1f ; z 1b ; z 2b Þ, and y is the corresponding experimental mean data curve measured at n test voltages V. The least-squares estimate of θ Ω isθ Ω . Equilibrium constants K 1 and K 2 were fixed to WT values (see text), and thus only six parameters are fit. The Q-V residual weights were uniform: ξ Ω ðV Þ = 1 for Ω = Q; and the τ-V residual weights were linear and normalized: ξ Ω ðV Þ = yðV Þ= P yðV Þ for Ω∈fτ A ; τ D g. This linear weighting scheme most accurately fit the upper region of τ-V curves, including the slowest time constant value, while minimizing the influence of the outer/voltageindependent regions that are not well accounted for in our model (lacking a molecular friction term). Due to the overparameterized nature of individually fitting each model function, we found that individual fits for all mutants were remarkably good (within limits of the model). Global function fit. The 2 × 2-state kinetic model parameters were solved by global analysis, wherein all three model functions, Eqs. S8-S10, are simultaneously fit to their respective mean data curve (Q-V, τ A -V, or τ D -V). This was performed by minimization of the global weighted objective function:
for Ω∈fQ; τ Α ; τ D g, where double vertical lines denote the L 2 -norm, function weights are obtained from individual fits ω Ω = 1=RMSE i;Ω , and the residuals weighting schemes are the same as for individual fits. The least-squares estimate of θ isθ. Once again, equilibrium constants were fixed to WT values, and thus only six parameters are fit. The root-mean-square error of each function from the global fit ðRMSE g;Ω Þ is calculated by evaluation of Eq. S12 using the globally derived parameter set θ. Importantly, the function weights ω Ω are required to balance the influence of all three functions. It is possible for an individual function to overfit the data (e.g., too few data points, very low noise), resulting in a disproportionately low RMSE and high influence (weight). To avoid this in the weight calculation, a lower limit was placed on RMSE i;Ω corresponding to a fit with error per data point equal to 1% of y max (the typical noise level).
We found this method satisfactory for the vast majority of mutants tested. Procedural details for global fitting are discussed in a separate section below. Goodness of global fit. The goodness of global fit was assessed by the mean ratio of global to individual fit errors, which we refer to as the QF:
for Ω∈fQ; τ A ; τ D g. Because the more constrained global fit will always return functions with RMSE higher than an individual fit, the quality factor range is QF ≥ 1, where lower values indicate a better global fit (QF = 1 is optimal). The individual and global fits of all mutants were visually inspected.
Optimization of global function weights. A few mutants (<10%) achieved a visually more balanced fit of model functions by numerical optimization of function weights ω Ω . In this case, the global fit became a subproblem of a fit to optimize normalized function weights ð P ω Ω = 1Þ by minimization of the QF. The inverse RMSE values were normalized, and used as initial conditions. For consistency and best possible fits, we used this latter method for all mutants.
Parameter Uncertainty and Distribution. Parameter uncertainty was determined by use of the likelihood-ratio criterion. In our case of RMSE-based global fit error, Eq. S13, the 100(1 − α)% confidence region (1, 2) of the parameters is given by:
where the model has p fitted parameters, n = P n Ω data observations, and F α p;n−p is the upper critical value of the F p;n−p distribution at significance level α. To calculate the confidence surface (Fig. S3) , the selected parameter is incrementally perturbed to a fixed value away from its optimum (atθ), and the model is refit with remaining model parameters variable (3, 4) . The global minimum is updated if any improvement is made. Initial conditions are updated to the fit results of the last successful move. This process is repeated until the fit error exceeds the threshold value set by Eq. S15. The scan is then repeated in the opposite direction to generate the full confidence surface. The exact confidence interval boundaries are obtained by quadratic interpolation. Here, we developed a "rescue" operation to automatically detect and correct for any spurious (nonsmooth) transitions in each search direction, which can occur if the solver becomes trapped in a local minimum solution. In this case, a refit is performed with all variable parameter initial conditions perturbed by addition of random noise. This process is repeated until an expected improvement (smooth transition) is obtained. After each unsuccessful rescue attempt, the expected improvement criterion is linearly relaxed.
Procedural Details for Kinetic Model Fitting. All data processing and fitting was performed using a custom program developed in the commercial software package MATLAB (The MathWorks). Fits used the built-in constrained optimization solver fmincon, with solver parameters and tolerances optimized for our problem. This section discusses important implementation topics. Parameter transformation. Through examination of fitted parameters from many mutants, we found that the preexponential factors and equilibrium constants (if fitted) were approximately log-normal distributed, whereas the apparent valence terms were in-between log-normal and normally distributed. Therefore, all fitted parameters were log transformed for optimization by the solver, such that each parameter's base-10 exponent was optimized. Parameters were untransformed during function evaluations. Log transformation of parameters was critical for appropriate sampling and achieving robust convergence to the global minimum solution. Initial conditions. Because our objective function is nonlinear, initial conditions must be of reasonable quality to ensure convergence to the global minimum solution. The WT dataset was globally fit (with K 1 and K 2 variable) using an exhaustive grid search of different initial parameter combinations to reliably obtain the WT parameter set θ WT : (K 1 = 1.09e-5, K 2 = 32, a 10 = 0.0398, b 10 = 4.189e-4, b 20 = 1.295e-9, z 1f = 2.4015, z 1b = 1.7104, z 2b = 3.4954), and constrained parameters (a 20 = 0.3609, z 2f = 0.6165). For all mutant fits, θ WT was used as parameter initial conditions, and equilibrium constants were held fixed at WT values. Each fit was repeated from different initial conditions until convergence was reached. The initial value for each parameter was randomly sampled according to its known population distribution with mean given by θ WT . Thus, preexponential factors were randomly sampled from a log-normal distribution, and apparent valences were sampled from a normal distribution. Convergence criterion. To ensure that the global minimum solution was found, each fit was repeated from appropriately randomized initial conditions until a convergence criterion was satisfied (n = 20 solutions must have fit error within 0.1% of the optimum fit error). After convergence, the optimal fit was selected and used for analysis. For the vast majority of mutants tested, ≥95% of sampled fits converged to the optimal solution, thus demonstrating the robustness of the implementation. Error checking. All fit results were inspected to verify that any/all constraints were satisfied. During function evaluations, precision limits were placed on α and β rate evaluations, Eqs. S1-S5, to avoid any numerical precision problems (i. The VSD helices are colored as follows: S1, white; S2, yellow; S3, red; and S4, blue. The green surface represents the van der Waals surface of the 10 gating pore residues analyzed in this study (V236, I237, S240, I241, F244, C286, I287, F290, A319, and I320 in Shaker numbering), and the water molecules are represented by red and white spheres. Note that, in both states, the gating pore delineates a water exclusion zone (black dotted lines). . Confidence surfaces for globally fitted parameters from WT Shaker. For a nonlinear model, the uncertainty in parameter estimation is most accurately given by rigorous calculation of the exact confidence surface, as shown here for WT Shaker. Briefly, the method is to fit the model with one parameter incrementally perturbed (fixed) away from its optimal value until the fit error exceeds the desired statistical threshold. The procedure is then repeated in the opposite direction. The dotted lines represent the 1σ (68%) and 2σ (95%) confidence levels. Equilibrium constants K 1 and K 2 are displayed as vertical lines at their fixed values. This figure demonstrates that all parameters of our 2 × 2-state kinetic model are well determined when K 1 and K 2 are fixed (or even moderately constrained, not shown here). Ac τ (ms) 30 Global Fits Individual Fits Fig. S4 . Gating pore mutations leading to poor global fits. The figure shows the individual (dotted lines) and global (solid lines) fits and data points for the gating functions (Q-V, black; activation τ-V, blue; and deactivation τ-V, red) of the I241D, I320Y, F244N, and S240F mutants, which produce poor global fits (QF > 6.5; see parentheses). The I241D mutation leads to poor global fits of the three gating functions (Q-V and τ-V curves). The global fit for the mutant I320Y and S240F led to a poor fit of the Q-V curve and deactivation τ-V curve, respectively. The poor QF value obtained for the F244N mutant is mainly due to the exceptionally good individual fits of its gating functions. 
